Abstract: Exponential industrialization and rapid urbanization have resulted in contamination of soil by metals from anthropogenic sources in Dongguan, China. The aims of this research were to determine the concentration and distribution of various metals (arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), mercury (Hg), nickel (Ni), lead (Pb) and zinc (Zn)) in soils and identify their potential health risks for local residents. A total of 106 soil samples were collected from the vicinity of industrial sites in Dongguan. Two types of samples were collected from each site: topsoil (0-20 cm, TS) and shallow soil (20-50 cm, SS). Results showed that the soils were contaminated by metals and pollution was mainly focused on TS. The geoaccumulation index (I geo ) and pollution indexes (PI) implied that there was a slight increase in the concentrations of Cd, Cu, Hg, Ni, and Pb, but the metal pollution caused by industrial activities was less severe, and elements of As and Cr exhibited non-pollution level. The risk assessment results suggested that there was a potential health risk associated with As and Cr exposure for residents because the carcinogenic risks of As and Cr via corresponding exposure pathways exceeded the safety limit of 10 −6 (the acceptable level of carcinogenic risk for humans). Furthermore, oral ingestion and inhalation of soil particles are the main exposure pathways for As and Cr to enter the human body. This study may provide basic information of metal pollution control and human health protection in the vicinity of industrial regions.
Introduction
Soil is a fundamental and important natural resource and is vital to human survival. In recent years, metal pollution of soils has posed a serious threat to environmental ecosystems and human health [1, 2] . This issue has received increasing attention because of the bioaccumulation, persistence, and toxicity of metals [3, 4] . The atmospheric deposition of dust and aerosol, vehicle emissions, and various industrial activities are important sources of soil metal pollution [5, 6] . Previous studies have reported that anthropogenic activities related to urbanization and industrialization (e.g., mining and smelting, plating, and battery manufacturing) have introduced large quantities of inorganic contaminants into the ecosystem [7, 8] . Moreover, metals can be transported long distances and to the northwest. The soil parent materials in the investigated area are mainly river alluvial deposits. The soil types in Dongguan are mainly lateritic red soils (ferralsols), paddy soils (anthrosols), vegetable garden soils (anthrosols).
The locations of a total of 53 sampling sites (Changan town, Humen town, Shatian town, Machong town, and Dalingshan town) are shown on the map (Figure 1 ). Two types of samples were collected from each site at a depth of 0-20 cm (topsoil, TS) and 20-50 cm (shallow soil, SS). Each soil sample was a mixture of five subsamples. A total of 106 samples were collected using a stainless steel shovel (plant tissues and stones were removed), and the samples were placed into sealed Kraft packages and immediately transported to the laboratory and stored at −20 • C until ready for further analysis.
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3 of 17 1820 mm, respectively. The city consists of 32 towns and districts, and the topography inclines from the southeast to the northwest. The soil parent materials in the investigated area are mainly river alluvial deposits. The soil types in Dongguan are mainly lateritic red soils (ferralsols), paddy soils (anthrosols), vegetable garden soils (anthrosols). The locations of a total of 53 sampling sites (Changan town, Humen town, Shatian town, Machong town, and Dalingshan town) are shown on the map (Figure 1 ). Two types of samples were collected from each site at a depth of 0-20 cm (topsoil, TS) and 20-50 cm (shallow soil, SS). Each soil sample was a mixture of five subsamples. A total of 106 samples were collected using a stainless steel shovel (plant tissues and stones were removed), and the samples were placed into sealed Kraft packages and immediately transported to the laboratory and stored at −20 °C until ready for further analysis. 
Chemical Analysis
All of the soil samples were air-dried in the laboratory. After drying, the samples were finely powdered using an agate mortar and passed through a 100-mesh (d < 0.154 mm) nylon sieve and then thoroughly mixed and homogenized prior to analysis for heavy metals. For the determination of the total concentration of soil metals, including Cd, Cr, Cu, Ni, Pb, and Zn, an inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7700X, Agilent Technologies, Santa Clara, CA, USA) was used. For each sample, 0.2 g of soil was digested with mixed concentrated acids (HF/HNO 3 /HCl = 5:5:2), heated step-wise in a microwave oven, and the digestion solution was filtered and then diluted to 10 mL with deionized water before analysis. In addition, the total concentrations of As and Hg were measured by atomic fluorescence spectroscopy (AFS) after the soil samples were digested with aqua regia (HCl/HNO 3 , 3:1 v/v) in a 95 • C water bath for 2 h. The quality assurance and quality control (QA/QC) was conducted by using reagent blanks, replicates, and standard reference materials (GBW07403, GBW07407, and GBW07429). The recovery rates of the eight heavy metals in the soils were reasonably good (90%-121%).
Geoaccumulation Index (I geo )
The pollution level for a single element was assessed by using the geoaccumulation index (I geo ) [30] . The formula for calculating of I geo was as follows:
where C Sample is the concentration of the element in sample and C Background is the concentration of the element in the background, which was taken from the geochemical background values of soils in Guangdong Province, China [31] . The geochemical background value is 8.9 mg·kg −1 for As, 0.056 mg·kg −1 for Cd, 50.5 mg·kg −1 for Cr, 17.0 mg·kg −1 for Cu, 0.078 mg·kg −1 for Hg, 14.4 mg·kg −1 for Ni, 36.0 mg·kg −1 for Pb, and 47.3 mg·kg −1 for Zn. The factor 1.5 was introduced to minimize the effect of possible variations in the background values due to lithological variations. The I geo consists of seven grades ranging from 0 to 6 (uncontaminated to extremely contaminated). The description of the I geo classes is supplied in Table 1 . 
Pollution Indexes (PI)
Pollution indexes (PI) of heavy metals were used to assess the degree of metal contamination in the topsoil around the industrial areas of Dongguan. The PI was calculated using the soil environment quality standards of China. The PI was defined as follows:
where PI is the pollution index of the element n, C n is the measured concentration of the element n in soils (mg·kg −1 ), and S n is the geochemical background concentration of element n (mg·kg −1 ).
The degree of heavy metal contamination in the soils can be classified into the following categories: non-pollution (PI ≤ 1); low level pollution (1 < PI ≤ 2); moderate level pollution (2 < PI ≤ 3); and high level pollution (PI > 3).
Human Exposureand the Health Risk Assessment Model
The concentration of metals in the soils were used to inform an exposure assessment and risk characterization for the local population according to the methodology described by the Chinese technical guidelines for risk assessment of contaminated sites [32] . The exposure of humans to heavy metals in industrial soils can occur via three main pathways such as oral ingestion, dermal contact, and inhalation of soil particles. Three routes of exposure were considered for carcinogenic and non-carcinogenic effects of trace elements present in topsoil around the industrial sites of Dongguan. The exposure dose can be estimated by using Equations (3)- (8) .
The exposure dose for carcinogenic effects was considered the lifetime (childhood and adulthood) exposure, while the exposure dose for non-carcinogenic effects was only considered for the childhood exposure. The definition and reference values for some parameters are listed in Table 2 . 
Exposure dose for non-carcinogenic effect (in childhood only):
The carcinogenic risk (CR) was calculated to evaluate the risk of each element in the soil via the corresponding exposure pathway. The CR was multiplied by the concentration of the surface soils (C sur ) and the carcinogenic slope factor (SF). The SF for carcinogenic elements is shown in Table 3 . The CR was calculated using Equations (9)- (11): 
The exposure dose of each element for a non-carcinogenic effect can be determined by calculating the non-carcinogenic hazard quotient (HQ). The HQ was calculated using Equations (12)- (14) . If the value of CR is higher than 10 −6 , it means there is a probability of a carcinogenic risk, whereas if the HQ exceeds 1.0, it is likely that there will be adverse effects to human health [33] . The HI was calculated as the sum of HQs from the different pathways. HI was calculated using Equation (15) . The reference dose (RfD) for non-carcinogenic metals is shown in Table 3 .
H I = HQ ois + HQ dcs + HQ pis (15)
Statistical Analysis
Statistical analyses were conducted with SPSS 17.0 (SPSS Inc., Chicago, IL, USA) and Origin 8.5 (OriginLab, Northampton, MA, USA). An analysis of variances ANOVA (p < 0.05) was performed to examine the statistical significance of heavy metal concentrations among the different sampling sites. A correlation analysis was used to determine the relationship between the concentrations of all of the elements in the topsoil of the study area. The criteria for significance in the procedures was set at p < 0.05 (significant) and p < 0.01 (highly significant).
Results and Discussion

Heavy Metal Concentration in the Soil
The spatial distribution of heavy metals in soils from the vicinity of the industrial sites is depicted in Figure 2 . The soils in this study showed distinct changes in their concentrations of heavy metals. The concentrations of eight heavy metals (As, Cd, Cr, Cu, Hg Ni, Pb, and Zn) in TS varied between 1.2 and 20.3, 0.1 and 0.6, 13.4 and 113.2, 2.7 and 445.0, 7.7 and 628.0, 21.6 and 242.0, and 13.9 and 501.0 mg·kg −1 , respectively. The coefficient of variation (CV) indicates the degree of variability within the concentrations of a metal in the soil [34] . The CV of metals in TS for this study decreased in the order of Ni (205.68%) > Cu (142.18%) > Hg (96.26%) > Zn (96.01%) > Pb (63.59%) > As (61.76%) > Cd (55.50%) > Cr (42.19%). The large CV for these heavy metal concentrations suggests that considerable variability exists in the different sites, which reflects the non-homogeneous spatial distribution of heavy metal concentrations in this area. Moreover, the average concentrations of As (7.1 mg·kg −1 ), Cr (40.8 mg·kg −1 ), Cu (48.3 mg·kg −1 ), Hg (0.7 mg·kg −1 ), Ni (42.8 mg·kg −1 ), Pb (61.8 mg·kg −1 ), and Zn (92.0 mg·kg −1 ) in TS were 1.23, 1.02, 1.30, 1.49, 1.38, 1.01, and 1.15-fold higher than the corresponding mean values in SS, respectively, and Cd (0.13 mg·kg −1 ) was 1.08-fold lower than the average concentration in SS. This is because these heavy metals were grouped in TS from the vicinity of the industrial sites during the period when industrial activities were most extensive. In particular, the maximum concentrations of As (20.3 mg·kg −1 ), Cr (113.2 mg·kg −1 ), Cu (445.0 mg·kg −1 ), Ni (628.0 mg·kg −1 ), Pb (242.0 mg·kg −1 ), and Zn (501.0 mg·kg −1 ) were found in TS. Whereas the maximum concentrations of Cd (1.0 mg·kg −1 ) and Hg (2.8 mg·kg −1 ) were analyzed onlyin SS. Therefore, the distribution characteristics of the heavy metals again confirmed that the topsoil surrounding the industrial regions were strongly contaminated by heavy metals.
Due to the lack of appropriate comparable information in SS in similar areas, only heavy metal contaminations in TS from the other study areas were compared with our data in this study. The heavy metal concentrations in TS collected from the vicinity of the industrial area in Dongguan are compared with data reported for other areas in China, and reference soil guideline values are listed in Table 4 . Compared with background values, the mean concentrations of Cd, Cu, Hg, Ni, Pb, and Zn, greatly exceeded the geochemical background values of Guangdong Province [31] . This demonstrated that the topsoils from the vicinity of the industrial sites of Dongguan were heavily polluted. However, the mean concentrations of the metals, except Hg and Ni, were below the Grade II guideline values [35] . By comparison with the Dutch standards [36] , the mean concentrations of all of the metals were below the Dutch intervention values, whereas only the mean concentrations of Hg, Cu, and Ni exceeded the Dutch target values. In addition, the present Cu (48.3 mg·kg −1 ) and Pb (61.8 mg·kg −1 ) levels in the study area were higher than Yan'an (27.31 [37, 38] . When compared with the three other cities in China, the relatively higher levels of heavy metals in topsoil around the industrial sites of Dongguan could be due to industrial emissions in this region during the last decades. Due to the lack of appropriate comparable information in SS in similar areas, only heavy metal contaminations in TS from the other study areas were compared with our data in this study. The heavy metal concentrations in TS collected from the vicinity of the industrial area in Dongguan are compared with data reported for other areas in China, and reference soil guideline values are listed in Table 4 . Compared with background values, the mean concentrations of Cd, Cu, Hg, Ni, Pb, and Zn, greatly exceeded the geochemical background values of Guangdong Province [31] . This demonstrated that the topsoils from the vicinity of the industrial sites of Dongguan were heavily polluted. However, the mean concentrations of the metals, except Hg and Ni, were below the Grade II guideline values [35] . By comparison with the Dutch standards [36] , the mean concentrations of all of the metals were below the Dutch intervention values, whereas only the mean concentrations of Hg, Cu, and Ni exceeded the Dutch target values. In addition, the present Cu (48.3 mg·kg −1 ) and Pb (61.8 mg·kg −1 ) levels in the study area were higher than Yan'an (27.31 [37, 38] . When compared with the three other cities in China, the relatively higher levels of heavy metals in topsoil around the industrial sites of Dongguan could be due to industrial emissions in this region during the last decades.
A correlation of heavy metals was applied to analyze the sources and pathways among the heavy metals [40] . The Spearman's correlation coefficients are shown in Table 5 . The results demonstrate that the elemental pairs Pb-Cu (0.523), Pb-Zn (0.395), Cu-Zn (0.637), Cu-Ni (0.520), and Zn-Ni (0.455) had a significantly positive correlation at the p < 0.01 significance level andPb and Ni (0.348) at the p < 0.05 significance level, which revealed that these elements most likely originate from A correlation of heavy metals was applied to analyze the sources and pathways among the heavy metals [40] . The Spearman's correlation coefficients are shown in Table 5 . The results demonstrate that the elemental pairs Pb-Cu (0.523), Pb-Zn (0.395), Cu-Zn (0.637), Cu-Ni (0.520), and Zn-Ni (0.455) had a significantly positive correlation at the p < 0.01 significance level andPb and Ni (0.348) at the p < 0.05 significance level, which revealed that these elements most likely originate from some common sources.
Many previous reports have confirmed that elements, such as As, Cd, Cu, Hg, Ni, Pb, and Zn in the soils, originate mainly from anthropogenic activities [9, 11, 41] . Consequently, we could further infer that there are some relationships between the sources of most of the toxic elements in this study and anthropogenic inputs. 
The I geo of Heavy Metals
The contamination status of the heavy metals in the research area was evaluated by the I geo ( Figure 3) . The I geo ranged from −3.51 to 0.61 for As, 0.25 to 2.81 for Cd, −2.50 to 0.58 for Cr, −3. 21) . The mean I geo of Hg showed a moderately contaminated result, whereas a slightly to moderately contaminated status was found for Cd, Cu, Ni, and Pb, which indicates that the means of I geo varied between 0 to 1. The mean I geo of As, Cr, and Zn were beyond 0 as well, indicating a largely uncontaminated status. In addition, compared with the background conditions, the I geo values for Cd, Cu, Hg, Ni, and Pb manifested that there was a slight increase in the concentrations of these elements, and the heavy metal pollution caused by industrial activities was less severe, whereas no such increases are observed in the concentrations of As, Cr, and Zn.
The relocation of industrial manufacturing from developed countries to Dongguan has promoted the urbanization and industrialization in this area since China's open door policy in 1978 [42] . However, the rapid economic growth over the past two decades in this region has brought significant environmental problems, including encroachment on agricultural land, soil erosion, and pollution. Previous studies conducted in Dongguan found that the arable land decreased from 30,816 ha in 2004 to 24,800 ha in 2012, whereas concentrations of heavy metal in soils from urbanized areas of Dongguan increased by 28.6% for Cd, 33.0% for Cu, 16.2% for Ni, and 55.9% for Zn [24, 43, 44] . Many researchers have reported that Cd, Cu, and Zn were the major contaminants in topsoils surrounding industrial plants [10, 12, 44] . These results were very similar to the findings in this research. Therefore, close attention must be paid to pollution by toxic metals in the vicinity of industrial sites because of the human activities are still taking place in these fields. research. Therefore, close attention must be paid to pollution by toxic metals in the vicinity of industrial sites because of the human activities are still taking place in these fields. 
Pollution Indexes of Heavy Metals
A pollution evaluation was conducted for eight heavy metals, including As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn, based on the geochemical background values of Guangdong Province [31] . The statistical results of PI for each metal are shown in Table 6 . Overall, the mean PI for all of the metals were in descending order of Hg (8. . The mean PI of Hg pointed to a high level of pollution, while the mean PI obtained for Cd, Cu, Ni, Pb, and Zn indicate low to moderate levels of pollution. As and Cr exhibited lower values, ranging from 0.13 to 2.29 and 0.26 to 2.24, respectively, this indicated that the topsoil in the area were non-polluted by As and Cr. Indeed, most of the samples had non-pollution level PI values for As and Cr, and only 13 and 10 samples had PI levels indicating low to moderate level pollution, respectively. However, high PI values (higher than 1) were observed in 100.0% of the samples for Cd, 69.8% for Cu, 96.2% for Hg, 69.8% for Ni, 86.8% for Pb, and 66.0% for Zn. These findings indicate that according to the geochemical background values of Guangdong Province, the topsoils in the vicinity of the industrial sites of Dongguan are contaminated by Cd, Cu, Hg, Ni, Pb, and Zn. 
A pollution evaluation was conducted for eight heavy metals, including As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn, based on the geochemical background values of Guangdong Province [31] . The statistical results of PI for each metal are shown in Table 6 . Overall, the mean PI for all of the metals were in descending order of Hg (8. 24, respectively, this indicated that the topsoil in the area were non-polluted by As and Cr. Indeed, most of the samples had non-pollution level PI values for As and Cr, and only 13 and 10 samples had PI levels indicating low to moderate level pollution, respectively. However, high PI values (higher than 1) were observed in 100.0% of the samples for Cd, 69.8% for Cu, 96.2% for Hg, 69.8% for Ni, 86.8% for Pb, and 66.0% for Zn. These findings indicate that according to the geochemical background values of Guangdong Province, the topsoils in the vicinity of the industrial sites of Dongguan are contaminated by Cd, Cu, Hg, Ni, Pb, and Zn. As illustrated in Figure 4 and in comparison with other towns, the PI values were generally higher in Changan and Shatian, indicating the presence of a relatively serious heavy metal pollution problem in Changan and Shatian. The mean PI value of Hg in the five towns was higher than 3, which indicated high Hg pollution of the soils. This might partially explain that the soil properties are an important factor for the ability to bind and accumulate Hg. For soil Hg, previous research on Guangdong soil profiles showed that there were significant positive correlations with only soil organic matter (SOM) contents, whereas soil properties play a lesser role in the concentration and distribution of soil Hg [26] . Another reason for this phenomenon might be that anthropogenic input or atmospheric deposition was probably the major contributor for the enrichment of soil Hg. Previous studies have also confirmed that anthropogenic Hg was the primary source of soil Hg in Guangdong [45] . In contrast, the mean PI values of As and Cr in five towns were lower than 1, showing that there was no obvious pollution of As and Cr in the soils. Moreover, As and Cr contents of the soil are derived from parent rocks and it is likely that past human activities, such as earth movement and leveling, resulted in the addition of uncontaminated soil material on top of the soil surface. Table 6 . Statistical results of pollution index (PI) of heavy metals in topsoils around industrial sites in Dongguan. Max h.p a m.p a l.p a n.p As illustrated in Figure 4 and in comparison with other towns, the PI values were generally higher in Changan and Shatian, indicating the presence of a relatively serious heavy metal pollution problem in Changan and Shatian. The mean PI value of Hg in the five towns was higher than 3, which indicated high Hg pollution of the soils. This might partially explain that the soil properties are an important factor for the ability to bind and accumulate Hg. For soil Hg, previous research on Guangdong soil profiles showed that there were significant positive correlations with only soil organic matter (SOM) contents, whereas soil properties play a lesser role in the concentration and distribution of soil Hg [26] . Another reason for this phenomenon might be that anthropogenic input or atmospheric deposition was probably the major contributor for the enrichment of soil Hg. Previous studies have also confirmed that anthropogenic Hg was the primary source of soil Hg in Guangdong [45] . In contrast, the mean PI values of As and Cr in five towns were lower than 1, showing that there was no obvious pollution of As and Cr in the soils. Moreover, As and Cr contents of the soil are derived from parent rocks and it is likely that past human activities, such as earth movement and leveling, resulted in the addition of uncontaminated soil material on top of the soil surface. In the towns of Humen and Machong, the PI values of Cd, Cu, Ni, Pb, and Zn were between 1 and 3, which indicated low to moderate pollution. Dalingshan was predominantly polluted with Cd, In the towns of Humen and Machong, the PI values of Cd, Cu, Ni, Pb, and Zn were between 1 and 3, which indicated low to moderate pollution. Dalingshan was predominantly polluted with Cd, Cu, Ni, and Pb with PI values of 1.97, 1.64, 1.39, and 1.39, respectively, which indicated low levels of pollution. The rapid development of the electronics and electroplating industries in recent decades is likely the main cause for the Cd, Cu, Ni, Pb, and Zn pollution in these five towns. In addition, to accurately evaluate the risk of heavy metals to humans in topsoil around the industrial sites of Dongguan, a detailed health risk assessment should be conducted.
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Health Risk Assessment
As shown in Figure 5 , the carcinogenic risk values of As via each exposure pathway are 1.68 × 10 −5 for CR ois , 1.39 × 10 −6 for CR dcs , and 1.20 × 10 −6 for CR pis . The CR values of As via the three exposure pathways exceed the safety limit 10 −6 , especially for the exposure of As via oral ingestion of soil particles, which has the highest CR value and suggests that there may be a potential health risk associated with As exposure to the local residents of Dongguan. Several studies have observed similar results [46] [47] [48] [49] . In addition, the CR values of Cr via oral ingestion (CR ois 3.20 × 10 −5 ) and inhalation (CR pis 1.34 × 10 −4 ) were also higher than the safety limit of 10 −6 . This indicates that oral ingestion and inhalation of Cr through soil particles in the vicinity of industrial sites could result in an increased risk of cancer for humans. Other reports have also identified an increased carcinogenic risk of Cr present in soil particles [48, 50] . 
As shown in Figure 5 , the carcinogenic risk values of As via each exposure pathway are 1.68 × 10 −5 for CRois, 1.39 × 10 −6 for CRdcs, and 1.20 × 10 −6 for CRpis. The CR values of As via the three exposure pathways exceed the safety limit 10 −6 , especially for the exposure of As via oral ingestion of soil particles, which has the highest CR value and suggests that there may be a potential health risk associated with As exposure to the local residents of Dongguan. Several studies have observed similar results [46] [47] [48] [49] . In addition, the CR values of Cr via oral ingestion (CRois 3.20 × 10 −5 ) and inhalation (CRpis 1.34 × 10 −4 ) were also higher than the safety limit of 10 −6 . This indicates that oral ingestion and inhalation of Cr through soil particles in the vicinity of industrial sites could result in an increased risk of cancer for humans. Other reports have also identified an increased carcinogenic risk of Cr present in soil particles [48, 50] . In contrast, CRpis of Cd (0.01 × 10 −6 ) and Ni (0.44 × 10 −6 ) are both at acceptable levels of carcinogenic risk for humans. The HQs derived from various exposure pathways are depicted in Figure 6 . The HI values of heavy metals for children decreased in the order of As (1.920) > Cr (1.140) > Ni (0.500) > Hg (0.142) > Cu (0.070) > Zn (0.020) > Cd (0.019). The HI values of element As and Cr were higher than 1.0, indicating that there was a potential non-carcinogenic risk to children, whereas the elements Ni, Hg, Cu, Zn, and Cd in soil samples with HI values were lower than 1.0, showing that there was no non-carcinogenic risk for children. Furthermore, by comparing the HQ values for children, we concluded that the oral ingestion of soil particles is the main exposure pathway of heavy metals to children. This result is consistent with previous studies [41, 51] . In summary, the noncarcinogenic risk of As and Cr cannot be ignored for children's health because the HI values exceed In contrast, CR pis of Cd (0.01 × 10 −6 ) and Ni (0.44 × 10 −6 ) are both at acceptable levels of carcinogenic risk for humans. The HQs derived from various exposure pathways are depicted in Figure 6 . The HI values of heavy metals for children decreased in the order of As (1.920) > Cr (1.140) > Ni (0.500) > Hg (0.142) > Cu (0.070) > Zn (0.020) > Cd (0.019). The HI values of element As and Cr were higher than 1.0, indicating that there was a potential non-carcinogenic risk to children, whereas the elements Ni, Hg, Cu, Zn, and Cd in soil samples with HI values were lower than 1.0, showing that there was no non-carcinogenic risk for children. Furthermore, by comparing the HQ values for children, we concluded that the oral ingestion of soil particles is the main exposure pathway of heavy metals to children. This result is consistent with previous studies [41, 51] . In summary, the non-carcinogenic risk of As and Cr cannot be ignored for children's health because the HI values exceed 1.0, which indicates that children face more health risk due to their pica behavior and hand or finger sucking [52] . Additionally, the consumption of local vegetables and grain could present health risks to children [53] . 1.0, which indicates that children face more health risk due to their pica behavior and hand or finger sucking [52] . Additionally, the consumption of local vegetables and grain could present health risks to children [53] . It is important to note that most current risk assessments are still based on the total concentration of heavy metals in soil, which are appropriate for long-term risks or for worst-case scenarios and might overestimate the actual health risks [54, 55] . For example, chromium toxicity is directly dependent on its valence state, and Cr(VI) has a higher toxicity to biota than Cr(III). Previous studies have confirmed that Cr(VI) is a human carcinogen [19, 34] . In addition, Luo et al. introduced the idea of bioaccessibility of heavy metals in soil to the assessment of human health risk [35] . Metal bioaccessibility is the fraction that is soluble in the gastrointestinal tract and available for absorption. Although information on the bioaccessibility of heavy metals in this study is limited, we can still provide an accurate assessment of the risk status of soils by using various other parameters. It may be inferred that As and Cr in topsoil around the industrial areas of Dongguan are the main contaminants that pose both carcinogenic and non-carcinogenic risks to human health. The oral ingestion of soil particles is the main exposure pathway for As and Cr to enter the human body. Hg, Cu, Zn, and Cd may pose a public health risk because of the concentrations of these elements in topsoil around the industrial areas of Dongguan.
In addition, in this study, only heavy metal pollutants were selected for the risk assessment of soils from the vicinity of the industrial sites. However, organic contaminants, such as polychlorinated dibenzo-p-dioxins/furans (PCDD/Fs) [56] , dichlorodiphenyltrichloroethanes (DDTs) [57] , halogenated flame retardants (HFRs) [22] , and perfluoroalkyl acids (PFAAs) [58] may also be present in these soils. Thus, the actual pollution level of soils around industrial sites might be higher than those indicated by the above results. Thus, efforts need to be taken immediately to control the emission of pollutants and remediate contaminated soils in similar areas. It is important to note that most current risk assessments are still based on the total concentration of heavy metals in soil, which are appropriate for long-term risks or for worst-case scenarios and might overestimate the actual health risks [54, 55] . For example, chromium toxicity is directly dependent on its valence state, and Cr(VI) has a higher toxicity to biota than Cr(III). Previous studies have confirmed that Cr(VI) is a human carcinogen [19, 34] . In addition, Luo et al. introduced the idea of bioaccessibility of heavy metals in soil to the assessment of human health risk [35] . Metal bioaccessibility is the fraction that is soluble in the gastrointestinal tract and available for absorption. Although information on the bioaccessibility of heavy metals in this study is limited, we can still provide an accurate assessment of the risk status of soils by using various other parameters. It may be inferred that As and Cr in topsoil around the industrial areas of Dongguan are the main contaminants that pose both carcinogenic and non-carcinogenic risks to human health. The oral ingestion of soil particles is the main exposure pathway for As and Cr to enter the human body. Hg, Cu, Zn, and Cd may pose a public health risk because of the concentrations of these elements in topsoil around the industrial areas of Dongguan.
In addition, in this study, only heavy metal pollutants were selected for the risk assessment of soils from the vicinity of the industrial sites. However, organic contaminants, such as polychlorinated dibenzo-p-dioxins/furans (PCDD/Fs) [56] , dichlorodiphenyltrichloroethanes (DDTs) [57] , halogenated flame retardants (HFRs) [22] , and perfluoroalkyl acids (PFAAs) [58] may also be present in these soils. Thus, the actual pollution level of soils around industrial sites might be higher than those indicated by the above results. Thus, efforts need to be taken immediately to control the emission of pollutants and remediate contaminated soils in similar areas.
Conclusions
The concentration, distribution, pollution, and health risk assessment of heavy metals in soils around industrial sites of Dongguan were thoroughly investigated in this study. The pollution levels in TS from the study area were higher than those in SS, and elements As, Cr, Cu, Hg, Ni, Pb, and Zn were mainly grouped in the TS. Compared with the Guangdong background values of these elements in the soil, concentrations of Cd, Cu, Hg, Ni, Pb, and Zn were elevated in the vicinity of industrial sites in Dongguan. The Spearman correlation analysis showed that Cu, Ni, Pb, and Zn originated from common anthropogenic sources. The calculated I geo of the analyzed heavy metals indicate that there was a slight increase in the concentrations of Cd, Cu, Hg, Ni, and Pb. Higher mean PI values for Cd, Cu, Hg, Ni, Pb, and Zn in this study indicate that there is low to high level pollution, which mainly originates from industrial emissions. The I geo and PI values of As and Cr were low, indicating that As and Cr were practically unpolluted in this area.
A health risk assessment method based on the Chinese technical guidelines for risk assessment of contaminated sites was used to assess human exposure to heavy metals from soils in the research region. The potentially higher carcinogenic risks mainly resulted from As and Cr via the oral ingestion and inhalation exposure pathways. In addition, the non-carcinogenic risk values of As (1.920 for HI) and Cr (1.140 for HI) for children is slightly higher than the threshold value (1.0), indicating that children are facing a slight threat from As and Cr. The main exposure pathway of heavy metals for children is the oral ingestion of soil particles. These findings indicate that more attention should be focused on heavy metal contamination to reduce health risks of residents living in the vicinity of industrial sites in Dongguan. In this regard, this study may also guide policy decisions aimed at protecting the local environment and human health, such as polluted soils' restoration and management, and related pollution industries' remediation.
